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(57) ABSTRACT

An ultrasound patch may conform to a curved surface of a
large, curvilinear part of a human body, and may capture
ultrasound images of underlying tissue for detection of
disease. The patch may comprise a flexible, elastomeric
substrate, in which phased arrays of piezoelectric ultrasound
transducers are embedded. The phased arrays may steer
ultrasound beams through a wide angle to image a large
volume of tissue. Mechanical deformation of the flexible
substrate as it conforms to a curvilinear body part may
change the relative 3D positions of the phase arrays. How-
ever, localization may be performed to detect these 3D
positions. Data captured by the phased arrays may be
processed, to create an ultrasound image of the underlying
tissue. A semi-flexible, intermediate layer may partially
encapsulate each phased array, to distribute stress at an
interface between the rigid phased array and more flexible
substrate.
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METHODS AND APPARATUS FOR IMAGING
WITH CONFORMABLE ULTRASOUND
PATCH

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/748,442 filed Oct. 20, 2018 (the
“Provisional”).

FIELD OF TECHNOLOGY

[0002] The present invention relates generally to ultra-
sound imaging.

SUMMARY

[0003] Inillustrative implementations of this invention, an
ultrasound device conforms to a surface of a curvilinear part
of'a human body. For instance, the curvilinear body part may
comprise a breast, knee, shoulder, wrist, ankle, finger, finger
joint, toe, or toe joint.

[0004] We sometimes call the ultrasound device a “patch”.
The ultrasound patch may touch and fit snugly against the
skin throughout a large region, even though the surface of
the skin is curved in that region. The patch may adhere to the
skin due to Van der Waals forces, without any gel or
adhesive.

[0005] The patch may capture ultrasound images of under-
lying tissue in the curvilinear body part. For instance, the
patch may capture ultrasound images of tissue in a large
portion of a woman’s breast. The ultrasound images may be
analyzed to detect pathological conditions, such as cancer
and other soft tissue diseases. The ultrasound images may
each be a 3D image of a volume of tissue.

[0006] The patch may comprise a flexible elastomeric
substrate, in which phased arrays of rigid piezoelectric
ultrasound transducers are embedded. The phased arrays
may transmit an ultrasound beam into tissue and may
measure ultrasound echoes that reflect from the tissue. The
measurements taken by the phased arrays may be processed,
to create an ultrasound image of the tissue.

[0007] The phased arrays may steer ultrasound beams
through a wide angle to image a volume of tissue. For
instance, each phased array may transmit an ultrasound
beam and may steer this beam through a large (e.g. 120
degree) angle, thereby imaging a much larger volume than
would be possible if the phased array were to emit a beam
in only one fixed direction.

[0008] In illustrative implementations, localization is per-
formed to determine the 3D position of the phased arrays.
This is desirable, because the 3D positions of the phased
arrays would otherwise be unknown, due to elastic defor-
mation of the flexible substrate when it conforms to the skin
of'a curved body part. To detect the 3D spatial position of a
given phased array of the patch, three ultrasound transducers
in a ring array in the patch may emit ultrasound pulses at
different times. How long it takes for the pulses to reach the
given phased array may be measured. Three distances may
be calculated: (a) a first distance between the first ultrasound
transducer in the ring array and the given phased array; (b)
a second distance between the second ultrasound transducer
in the ring array and the given phased array; and (c) a third
distance between the third ultrasound transducer in the ring
array and the given phased array. The 3D position of the
given phased array may be calculated as the intersection of
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three spheres, where: (a) the first sphere is centered on the
first transducer and has a radius equal to the first distance; (a)
the second sphere is centered on the second transducer and
has a radius equal to the second distance; and (c) the third
sphere is centered on the third transducer and has a radius
equal to the third distance.

[0009] Each phased array may independently capture data
regarding a volume of tissue (e.g., image the volume). The
different volumes of tissue that are measured by the different
phased arrays may partially overlap and may together com-
prise a target region. In many implementations, each phased
array takes measurements of only a portion of the target
region. Data that encodes measurements taken by the dif-
ferent phased arrays (or that encodes images captured by the
different phased arrays) may be fed as input into a recon-
struction algorithm. The 3D positions of the phased arrays
(detected by localization) may also be fed as input to the
reconstruction algorithm. The reconstruction algorithm may
output a 3D image of the entire volume of the target region.
[0010] In some cases, the ultrasound patch captures accu-
rate, “single shot” images of the tissue in real time. This may
enable the patch to capture accurate 3D images of soft tissue
(e.g. a breast), even if the soft tissue shifts position between
the images.

[0011] Stress and strain may occur at interfaces between
rigid phased arrays and more flexible regions of the patch.
It is desirable to reduce this stress and strain, in order to
prevent the patch from being damaged (e.g. to prevent
mechanical failure at these interfaces).

[0012] In illustrative implementations, this stress and
strain is reduced by partially encapsulating each rigid phased
array in an intermediate layer. Specifically, in some cases,
each phased array is surrounded (except on its top side) by
an intermediate layer. The intermediate layer may be located
between the phased array and flexible substrate of the patch.
The intermediate layer may comprise a semi-flexible mate-
rial that is more flexible than the phased array and is less
flexible than the substrate. The intermediate layer may tend
to distribute stress that would otherwise be localized at an
interface between the rigid phased array and the flexible
substrate. In some cases, the intermediate layer comprises
polydimethylsiloxane (PDMS). In some cases, the interme-
diate layer comprises silicone rubber or a polymeric foam
(e.g. polystyrene foam or polyurethane foam). In some
cases, the intermediate layer has a Young’s modulus that is
greater than or equal to 60 kPa and less than or equal to 2
GPa.

[0013] In some implementations, each phased array
includes, among other things: (a) a flexible substrate; (b) a
“matching” layer and “backing” layer; and (c¢) an array of
piezoelectric ultrasound transducers.

[0014] The array of piezoelectric transducers may be
arranged in rows and columns. A first set of electrodes may
connect to the rows. A second set of electrodes may connect
to the columns.

[0015] In some implementations, the first and second sets
of the electrodes (which connect to the rows and columns,
respectively) both connect to the transducer array at the
same vertical height, albeit from different sides of the array.
This spatial arrangement of the electrode connections may
have at least three advantages. First, it may simplify fabri-
cation of the phased array. Second, it may reduce the size of
a phased array. Third, it may reduce signal processing
complexity.
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[0016] The ultrasound signal transmitted by the patch may
tend to increase the temperature of the tissue being imaged.
In illustrative implementations, this thermal effect is greatly
reduced (and kept within safe levels) by at least two features
of the ultrasound patch. First, in a given phased array, the
transducers may pulse in temporal sequence, so that only
one row or one column of the transducers in the array is
pulsing at a time. Second, the phased arrays may be embed-
ded in the flexible substrate of the patch in such a way that
they are spatially separated from each other and thus are
thermally isolated from each other. For instance, the distance
between neighboring pairs of phased arrays may be much
greater (e.g., at least two or three times greater) than the
maximum dimension of a single phased array.

[0017] In some implementations, data gathered by the
ultrasound patch is transmitted wirelessly, enabling the data
to be processed remotely (by a remote computer) and
interpreted remotely (e.g. by a remote physician who views
and interprets the resulting ultrasound images).

[0018] In some use scenarios of this invention, a set of
ultrasound patches captures a large number of 3D images of
tissue of many patients. These images may be employed to
train a neural network. After the neural network is trained,
it may analyze a new 3D image captured by an ultrasound
patch, in order to detect a pathological condition that is
shown in the new image.

[0019] The Summary and Abstract sections and the title of
this document: (a) do not limit this invention; (b) are
intended only to give a general introduction to some illus-
trative implementations of this invention; (¢) do not describe
all of the details of this invention; and (d) merely describe
non-limiting examples of this invention. This invention may
be implemented in many other ways. Likewise, the Field of
Technology section is not limiting; instead it identifies, in a
general, non-exclusive manner, a field of technology to
which some implementations of this invention generally
relate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1 shows two ultrasound patches that conform
to curvilinear surfaces of a human body.

[0021] FIG. 2 shows a wearable control module.

[0022] FIG. 3 shows an ultrasound patch.

[0023] FIGS. 4 and 5 illustrate beam steering.

[0024] FIG. 6 illustrates hardware that is used for local-
ization.

[0025] FIGS. 7A, 7B and 7C show different spatial con-

figurations of an ultrasound patch as it conforms to different
shapes of a curvilinear surface of a human body.

[0026] FIG. 8 is an exploded view of an ultrasound phased
array.
[0027] FIGS. 9, 10 and 11 are zoomed-in views of an

ultrasound phased array.

[0028] FIG. 12 shows a top view of an ultrasound phased
array.

[0029] FIG. 13 is a schematic of a control module.
[0030] FIG. 14 shows hardware for an ultrasound imaging
system.

[0031] FIG. 15 shows phased arrays embedded in a sub-
strate.

[0032] The above Figures are not necessarily drawn to

scale. The above Figures show illustrative implementations
of'this invention, or provide information that relates to those
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implementations. The examples shown in the above Figures
do not limit this invention. This invention may be imple-
mented in many other ways.

DETAILED DESCRIPTION

Conformable Ultrasound Patch

[0033] FIG. 1 shows two conformable ultrasound patches,
in an illustrative implementation of this invention. In FIG. 1,
two ultrasound patches 101 and 102 conform to the outer
surface of the left and right breasts, respectively, of a
woman. Patch 101 fits snugly against the skin, throughout a
curved region that covers almost all of the external surface
of the left breast. Likewise, patch 102 fits snugly against the
skin, throughout a curved region that covers almost all of the
external surface of the right breast.

[0034] InFIG. 1, patches 101 and 102 each adhere or stick
to the woman’s skin due to Van der Waals attractive forces,
without any gel or tape, and without requiring any external
support structure to support the weight of the patches or to
press the patches against the skin. Patches 101, 102 may be
comfortably worn for long durations (e.g. hours or days).
Patches 101, 102 may be easily removed from the skin,
without damaging the skin, by pulling gently on them.
[0035] In some alternative implementations of this inven-
tion, one or more conformable patches are attached to a
support structure, such as clothing (e.g. a bra). When a
person wears the support structure (e.g. bra), the patch(s)
may adhere or stick to the person’s skin due to Van der Waals
attractive forces. When the person stops wearing the support
structure, the patches(s) may detach from the skin and
remain attached to the support structure.

[0036] InFIG. 1, each conformable ultrasound patch 101,
102 comprises: (a) a flexible, elastomeric substrate and (b)
phased arrays of rigid piezoelectric ultrasound transducers,
which are embedded in the substrate. For instance, multiple
phased arrays (including phased array 110) are housed in
patch 101. Likewise, multiple phased arrays (including
phased array 111) are housed in patch 102.

[0037] InFIG.1, alink 130 delivers power to patches 101,
102. The patches may also communicate with a control
module 140 via link 130. For instance, control module 140
may, via link 130, send instructions that control the timing
of ultrasound pulses emitted by transducers in the phased
arrays. Likewise, patches 101, 102 may take ultrasound
measurements and send data that encodes the measurement
to control module 140 via link 130. Link 130 may include:
(a) one or more wires for delivering power; and (b) one or
more wires or fiber optic links that are dedicated to com-
munication.

[0038] FIG. 2 shows a wearable control module, in an
illustrative implementation of this invention. In FIG. 2,
control module 140 is supported by link 130 and is wearable.
Control module 140 may control the phased arrays in
patches 101 and 102. Among other things, control module
140 may separately control each ultrasound transducer in a
given phased array, causing the transducers in the array to
pulse in a temporal sequence in such a way as to steer
(control the angle of) an ultrasound beam emitted by the
phased array. Also, control module 140 may receive data that
represents measurements taken by patches 101, 102, and
may transmit this data to one or more other computers. In
some cases, control module 140 wirelessly transmits the
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data. In some cases, control module 140 performs signal
processing or otherwise processes the data, before transmit-
ting it.

[0039] In FIG. 2, control module 140 provides power to
the phased arrays in an ultrasound patch. In some cases, the
power consumption of control module 140 and an entire
ultrasound patch (including phased arrays) that it controls is
less than 500 mW.

[0040] FIG. 3 shows an ultrasound patch, in an illustrative
implementation of this invention. In FIG. 3, patch 300
comprises (a) a flexible, elastomeric substrate 301; (b)
phased arrays of rigid piezoelectric ultrasound transducers,
which are embedded in the substrate; and (c) a ring 352 of
ultrasound transducers that are also embedded in the sub-
strate.

[0041] In FIG. 3, substrate 301 of a patch is configured to
fit around, and to conform to, the external surface of a
woman’s breast. Substrate 301 may be sized and shaped in
such a way that it has a concave inner surface that conforms
to, and fits snugly against, a convex external surface of a
woman’s breast. Put differently, substrate 301 may be sized
and shaped in such a way that it would, without any
stretching, conform snugly to the external surface of a
woman’s breast if the breast happened to have a particular
shape and size that matches that of the patch. However, the
shape and size of breasts varies in a population of women.
To accommodate the different shapes and sizes, substrate
301 may be flexible. Thus, substrate 301 may elastically
stretch or deform in such a way as to fit snugly over a breast
of the woman.

[0042] This invention is not limited to ultrasound imaging
of breasts. In some alternative implementations, substrate
301 is shaped and sized in such a way that it conforms to,
and fits snugly against, any curvilinear body part, such as a
shoulder, wrist, toe, finger, toe joint or finger joint. In these
alternative implementations, patch 300 may take ultrasound
measurements that are used to generate a 3D image of a
volume of the curvilinear body part.

[0043] InFIG. 3, phased arrays of piezoelectric ultrasound
transducers are encapsulated in patch 300. The phased arrays
(e.g. 311 and 312): (a) may emit ultrasound beams and steer
them throughout a volume of tissue; and (b) and may also
measure ultrasound echoes that reflect from tissue.

[0044] In FIG. 3, a ring 352 of piezoelectric ultrasound
transducers is employed for localization, to determine the
3D position of each of the phased arrays in patch 300.

[0045] In a protype of this invention: (a) the ultrasound
patch is less than 2 mm thick; (b) the ultrasound patch has
a diameter of 10 cm, when the patch is not stretched to
conform to a surface of a body part; (¢) the dimensions of
each phased array in the patch are 6 mmx6 mmx1 mm; (d)
a 1 cm diameter hole in the center of the patch is configured
to encircle a breast nipple placement; (e) a ring array in the
center of the patch (around the nipple) is employed to
determine the 3D position of each phased array in the patch;
and (f) the distance between each pair of neighboring phased
arrays is 2 cm, when the patch is not stretched to conform
to a surface of a body part.

[0046] The prototype described in the preceding para-
graph is a non-limiting example of a patch. The dimensions
of a patch and of the components of the patch may be
different, in other implementations of this invention. The
spatial distribution of phased arrays (e.g. 311, 312) in the
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soft substrate of the patch may depend on the beam steering
angle in two directions (elevation and azimuth) of each of
the phased arrays.

Beam Steering

[0047] In illustrative implementations, each phased array
in a patch performs beam steering. In this beam steering,
each phased array emits an ultrasound beam, while varying
the orientation of the beam relative to the phased array. For
instance, the angle of the beam, relative to the phased array,
may vary over a wide range of angles (e.g., over more than
100 degrees). As the orientation of the beam changes, the
beam may sweep through a volume of tissue.

[0048] In illustrative implementations, beam steering
enables each phased array in a patch to measure ultrasound
echoes from a large volume. This in turn may reduce the
number of phase arrays that are needed in the patch, and may
eliminate (or reduce) gaps in the ultrasound image that is
captured by the patch.

[0049] FIGS. 4 and 5 illustrate beam steering. In FIGS. 4
and 5, four phased arrays 501, 502, 503, 504 each emit an
ultrasound beam and perform beam steering. During the
beam steering, phased array 501 emits an ultrasound beam
and steers the beam in such a way that the beam: (a) sweeps
through an entire volume 511; and (b) occupies different
parts of volume 511 at different times. Likewise, during the
beam steering, phased array 502 emits an ultrasound beam
and steers the beam in such a way that the beam: (a) sweeps
through an entire volume 512; and (b) occupies different
parts of volume 512 at different times. Similarly, during the
beam steering, phased array 503 emits an ultrasound beam
and steers the beam in such a way that the beam: (a) sweeps
through an entire volume 513; and (b) occupies different
parts of volume 513 at different times. Likewise, during the
beam steering, phased array 504 emits an ultrasound beam
and steers the beam in such a way that the beam: (a) sweeps
through an entire volume 514; and (b) occupies different
parts of volume 514 at different times.

[0050] In FIG. 4, phased arrays 501, 502, 503, 504 are in
a planar configuration. Specifically, in FIG. 4, the phased
arrays are spatially arranged in such a way that they fit
snugly against a single geometric plane.

[0051] In FIG. 4, phased arrays 501, 502, 503, 504 are
arranged in a non-planar configuration. Specifically, in FIG.
5 the phased arrays are spatially arranged in such a way that
they fit snugly against a curved surface.

[0052] The volumes that are imaged by phased arrays 501,
502, 503, 504 are different in FIGS. 4 and 5, due to the
different positions of the phased arrays.

[0053] The beam steering may be performed as follows. In
a given phased array, each row or column of transducers in
the phased array may be pulsed individually, in such a way
that different rows or columns of transducers in the array
emit an ultrasound pulse at different times. For instance, in
some cases, the transducers in an array are pulsed sequen-
tially, one row or column of transducers at a time. The
ultrasound wavefront emitted by an individual row or col-
umn of ultrasound transducers may be spherical. However,
the wavefronts emitted by all of the transducers in a patch
may combine to form a quasi-planar wavefront. Specifically,
the wavefronts emitted by the individual transducers in the
phase arrays may combine by superposition (i.e., construc-
tive and destructive interference) to form the quasi-planar
wavefront.
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[0054] In illustrative implementations, the direction (rela-
tive to the phased array) in which the quasi-planar wavefront
travels is determined by phase differences between the
individual wavefronts, which in turn is due to time delays
between pulses (i.e., differences in the time at which the
different transducers are pulsed). Thus, by controlling the
timing of the ultrasound pulses emitted by transducers in a
phased array, the phased array may control the direction in
which an ultrasound beam (which is emitted by the phased
array) travels.

[0055] In some cases, an electronic oscillator in control
module 140 outputs a periodic electrical signal. This signal
in turn may be employed to generate a set of electrical
signals, each with a different time delay (phase offset). This
set of electrical signals may in turn drive the ultrasound
transducers in the phased array, in such a way that different
transducers in the array are pulsed with different time delays.

[0056] In some implementations, each piezoelectric ultra-
sound transducer in a phased array is pulsed independently.
Varying the timing (at which different transducers are
pulsed) causes the phased array to radiate a quasi-plane
ultrasonic beam at an angle relative to the phased array. The
beam may be steered electronically and dynamically by
changing the time delays and thus the angle at which the
beam is radiated.

[0057] In some implementations, each phased array emits
a quasi-planar ultrasound beam that sweeps through a vol-
ume shaped like a truncated pyramid. In some cases, the
maximum beam steering angle (at -6 dB) may be calculated
by sin 0,=0.514-A/w, where 0, is the maximum steering
angle, A, is the wavelength in the medium, and w is the
element width, respectively. Based on this equation, the
angle may be larger than 30° when the width is equal to or
less than the wavelength (around 200 pm for 7.5 MHz).

[0058] In some implementations, each phased array emits
an ultrasound beam and steers the beam, in such a way that
the orientation of the beam relative to the array varies
through a range of angles (relative to the array), where the
angular difference between one end of the range and the
other end of the range is at least 10 degrees, or at least 20
degrees, or at least 30 degrees, or at least 40 degrees, or at
least 50 degrees, or at least 60 degrees, or at least 70 degrees,
or at least 80 degrees, or at least 90 degrees, or at least 100
degrees, or at least 110 degrees, or at least 120 degrees, or
at least 130 degrees, or at least 140 degrees, or at least 150
degrees.

[0059] To avoid echo interference between phased arrays,
the phased arrays in a patch (or in a set of patches) may
transmit in a temporal sequence, one phased array at a time.

Localization

[0060] In illustrative implementations, a conformable
ultrasound patch detects the relative 3D positions of phased
arrays in the patch. This is desirable, because the relative 3D
positions of the phased arrays in the patch may otherwise be
unknown, since these 3D positions may change as the patch
conforms to the external surface of a curved body part. For
instance, the distance between phased arrays of a patch may
vary as the patch bends and stretches to conform to a curved
body part.

[0061] In illustrative implementations, it is helpful to
know the 3D positions of the phased arrays, when comput-
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ing an ultrasound image of a region that includes overlap-
ping volumes of tissue that are measured by the phased
arrays.

[0062] In illustrative implementations, each ultrasound
patch includes both: (a) an array of ultrasound transducers
that is dedicated to localization (“localization array™) and (b)
multiple phased arrays. The localization array in a patch may
transmit ultrasound pulses. The amount of time that it takes
for these pulses to reach a phased array may be measured,
and used to calculate the 3D position (relative to the local-
ization array) of each of the phased arrays in the patch.

[0063] In some cases, the transducers in the localization
array are piezoelectric ultrasound transducers. In some
cases, each ultrasound transducer in a localization array has
the same structure, the same dimensions, and is composed of
the same materials as an ultrasound transducer in a phased
array.

[0064] In illustrative implementations: (a) the localization
array is a rigid structure; and (b) the ultrasound transducers
in the localization array are in a fixed, constant position
relative to each other.

[0065] In some cases, the localization array comprises a
set of ultrasound transducers that are arranged in an annular
pattern (ring). In some implementations: (a) an ultrasound
patch conforms to a woman’s breast; (b) the localization
array of the patch is a ring-like structure that encircles the
nipple of the breast; and (c) the nipple of the breast protrudes
through a hole in the center of the localization array.
However, the localization array may be implemented in
many different ways. For instance, in some cases, the
localization array has a shape that is not circular. In alternate
implementations, the transducers in a localization array may
be arranged in any constant spatial configuration relative to
each other. In some cases, the localization array does not
have a hole in its center, for a body part to fit through.

[0066] In some cases, localization is performed by mea-
suring the amount of time (time-of-flight) that it takes for an
ultrasound pulse to travel from a transducer in the localiza-
tion array to a transducer in a phased array. In some cases,
the ultrasound pulses (for localization) travel in the substrate
of the patch when propagating from the localization array to
aphased array. The substrate (through which the localization
pulses travel) may comprise a sheet or layer of an Ecoflex®
elastomer.

[0067] FIG. 6 illustrates hardware that is employed for
localization, in an illustrative implementation of this inven-
tion. FIG. 6 is a top view of a conformable ultrasound patch
600. In FIG. 6, a set of phased arrays (e.g. 605, 606, 607) are
encapsulated in patch 600. A rigid, annular array 610 (ring
array) of piezoelectric ultrasound transducers is also encap-
sulated in patch 600. The center of the circle formed by ring
array 610 is located at the radial center of patch 600.

[0068] In FIG. 6, ring array 610 is employed to detect the
3D position of each of the phased arrays in patch 600. For
instance, to detect the 3D spatial position of phased array
605, three transducers 601, 602, 603 of ring array 610 emit
ultrasound pulses. The pulses may travel in all directions,
including along one-way paths 610 to phased array 605. The
“time-of-flight” (amount of time that it takes for the pulse to
reach phased array 605) is measured for each of these pulses.
Based on these times-of-flight, the distances between trans-
ducers 601, 602, 603 and phased array 605 are calculated.
Then the 3D position of phased array 605 is calculated as






